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Abstract 
Oil-water emulsions are one of the most serious pollutants because of the large 
quantities produced by various industries, such as the petrochemical, oil and gas 
industries. One of the major methods to remove oil from wastewater is filtration using 
ceramic tubular microfiltration membranes. However, such membranes are vulnerable 
to fouling, which causes operational impairment. The aims of this work are to study 
the influence of membrane pore size on permeate flux and oil removal efficiency at 
different operating parameters and the reduction in fouling when used in combination 
with hybrid Coagulation/sand filter-MF pre-treatment process. The droplet size of the 
oil-water emulsion has an interaction with the pore size of the ceramic membrane. 
Therefore, each pore size may be optimal, depending upon the concentration of oil in 
the emulsion, and hence droplet size. Steady-state flux and oil removal efficiency 
were found to b highest for hybrid coagulation/sand filter –MF due to a reduction of 
membrane fouling by reducing the oil concentration in the inlet emulsion to the 
ceramic membrane.  
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Highlights: 
 Optimal pore size value dependant on the concentration of oil in the emulsion. 
 Pre-treatment very important to reduce the fouling on the surface of the 
membranes. 
 Flux increased with pressure, flow rate and decreased salinity.  
 Steady-state flux and removal efficiency highest for hybrid coagulation/sand 
filter –MF.  
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1. Introduction 
 
Oil-water emulsions are amongst the most serious pollutants due to the large 
quantities of oil produced, largely by the gas, oil and petrochemical industries [1, 2], 
potentially leading to environmental and health problems for humans and animals. 
Typical concentrations of oil encountered in industry, such as the oil concentrations in 
oilfield-produced water, are between 2-565 mg/L and the hydrocarbon concentration 
usually ranges between 50-1,500 mg/L [3]. The oil concentrations for wastewater 
generated by the food industry usually range between 120-560 mg/L [4] and the oil 
concentrations of wastewater generated by petroleum refineries are between 100-300 
mg/L  and as high as 5000 mg/L in tank bottoms [5]. 
These emulsions must be treated before disposal or recycling. For treatment of oil-
water emulsions, there are several methods to use for treating these emulsions such as 
coagulation/flocculation by air floatation, ultrasonic separation and membrane 
separation [6-9]. 
The most effective grouping of technologies used to treat of these emulsions is 
membrane separation. In 1973, the first investigation of membrane separations was 
reported for the treatment of oily wastewaters [10]. Membrane technologies which 
have been applied to the separation of oil by using membranes comprise Nano-
filtration (NF), Reverse osmosis (RO), Ultra-filtration (UF) and Micro-filtration (MF) 
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[11]. One important parameter the pore size of membrane as this is likely to determine 
filtration properties of oil water emulsions, which may change dependant on the oil 
drop size, which in turn is related to the concentration of oil in the emulsion. With 
increasing oil concentration in the emulsion, the oil droplet size increases because 
concentration promotes coagulation leading to greater average drop sizes [12]. A 
major problem when using membrane processes to treat wastewater is fouling of the 
membrane surface, which leads to permeate flux reduction [13, 14].  
Some research has been focused reducing fouling by use of pre-treatment methods 
prior to membrane separation. In particular, the roles of poly aluminium chloride and 
adding casein to oil–water emulsions as coagulants for removal of oil from oil-water 
emulsion were reported by Suzuki & Maruyama [15]. Al Mojjly et al [16] 
investigated coagulation using aluminium and ferric sulfate coagulants for removal of 
oil in a hybrid coagulation /sand filtration as a pre-treatment process, as well as 
integrating this pretreatment process with MF [17].  
Some studies show the influence of membrane pore size on oil removal performance. 
For example, the effect of pore size on separation of oily water by using a porous 
glass tubular membrane was investigated by Ohya et al [18]. Cumming et al [19] 
found the pore size of a membrane plays an important role in the critical flux 
condition of a membrane: higher flux rates with various TMP were achieved by 
increasing the pore size of membrane. In another study, higher flux was obtained with 
membranes of large pore size under the same operational conditions [20]. 
The objective of this work is to study the influence of membrane pore size on 
permeate flux and oil removal efficiency at different operating parameters and 
salinity. Moreover, the comparison between the performance of direct ceramic 
membrane and hybrid coagulation/sand filter-MF. To our knowledge no study has so 
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far been reported on the influence of pore size on the performance of ceramic 
membranes when integrating the membrane process with s hybrid coagulation/sand 
filter- MF pre- treatment step to reduce fouling for the treatment of oil/water 
emulsion. 
 
 
2. Materials and methods 
     2.1. Materials 
Three tubular ceramic membranes made of alumina with a pore size of 0.1μm, 0.2μm 
and 0.4μm were studied. The membranes have 19 channels with diameter of 3.3 mm, 
and a permeation area equivalent to 0.2 m2. The membrane’s length was 
approximately 1000 mm, with an outer diameter (O.D) of 25 mm. The membranes 
were supplied by Atech-Innovations GmbH, Germany Company. The permeability of 
the clean water of membrane with pore sizes.1 μm, 0.2 μm and 0.4 μm were  ≥ 
0.24×10-3 m3/m2.s.bar, ≥ 0.28×10-3 m3/m2.s.bar and ≥ 0.34×10-3 m3/m2.s.bar, 
respectively. 
Aluminium sulfate (Al
2
(SO
4
) 3  .16H 2 O) coagulant was purchased from Fisher 
Scientific UK Ltd, with purity and molecular weight of >97% and 630.39 g/mol, 
respectively. The chemicals used for pH control were sodium hydroxide (Fisher 
Scientific, UK) and hydrochloric acid (Fisher Scientific, UK). The oil concentration in 
the permeate was determined using a Shimadzu Total Organic Carbon (TOC) analyser 
(Model TOC-L, Shimadzu). The size of oil droplets were measured using a Zeta-Sizer 
3000 HS (Malvern Instruments, UK) and a scanning electron microscope (SEM) 
model S-4800 II was used to observe the morphology of the emulsion. Sodium 
chloride (NaCl) was purchased from Fisher Scientific-UK with purity higher than 
99.5%. Distilled water and three concentrations of commercial vegetable oil were 
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used to make oil/water emulsions at 650, 800 and 1000 ppm. A group of salts at 
different concentrations was dissolved in each type of emulsion, whether the salts of 
the coagulation process and the salts such as Sodium Chloride to be studied for their 
effect on the separation process. 
     2.2Microfiltration Rig 
The membrane rig was designed to carry out microfiltration experiments is shown in 
Figure 1and consisted of a tank and piping made from SS316/SS304 grade stainless 
steel and valves were of the Swagelock type. Two pumps were used: a feed pump 
(Centrifugal Pump FPE 742/205 A, Fristam Pump U.K Limited) and a circulation 
pump (Centrifugal Pump FPE 722/150 A, Fristam Pump U.K Limited). The set-up 
can be seen in Figure 1. The transmembrane pressure was controlled by the digital 
valves on the retentate line and the permeate line. The experiment was run until a 
steady state was reached for collection of permeate flux and the minimum operating 
volume of the pilot scale rig used was 10 L.  
The resulting permeate flux (J) was calculated through the following equation: 
 
                                                                                                    (1) 
 
                                                                        
where J permeate flux (m3/m2s), V is volume of permeate (m3), A is the effective 
membrane surface area (m2) and t is the time (s) over which the measurements were 
made. 
 Oil removal efficiency was calculated from the oil concentration as determined by a 
Shimadzu Total Organic Carbon (TOC) analyser (Model TOC-L, Shimadzu): 
 
                                                (2) 
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where    is concentration of oil in the emulsion and   is concentration of oil in 
permeate. When the oil removal efficiency of the sample is measured by measuring it 
from the surface of the sample, middle of the sample and the bottom of the sample, 
then the average of the oil removal efficiency in the sample is calculated. 
 
     2.3. Jar test Procedure 
The emulsion was prepared by mixing commercial vegetable oil and deionised water 
at 1500 rpm in a magnetic blender (Fisher Scientific, UK) for 10min. Then pH was 
adjusted at pH 8 by addition of 0.1 M solutions of HCl and NaOH using a magnetic 
stir bar. Due to, the optimal technology for pre-treatment to remove oil from oil-water 
emulsion was found to be a coagulant dosage of aluminium sulfate combined with 
sand filter at pH 8 according to our previous work [16] . After that rapid mixing was 
carried out for 120 seconds at 250 in a standard jar-test apparatus (Bibby-Stuart 
Flocculator SW6) to blend the the oil-water emulsion with the coagulant. This was 
followed by a slow mixing phase for 18-20 minutes at 30 rpm.   
We previously determined these mixing speeds and timings as being optimal for the 
coagulation step [16]. The emulsion was then passed through a sand filter to remove 
the colloids produced by the by the coagulation process. All experiments were 
performed at room temperature (22 ± 2 ºC). 
 
     2.4. Sand Filtration Study 
A simple sand column was used in this study, as described previously [16], with 
dimensions (7cm ID and 40cm length) (Figure 2). The sand filter consists of three 
layers: a sand layer (height = 8 cm);  a second layer consisting of small pieces of 
gravel (diameter 4 mm) to a depth of approximately 20mm; finally a third layer of 
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glass beads (diameter 18mm, total number of 25), to a depth of approximately 40mm. 
A stainless steel mesh (Aperture 0.039mm, The Mesh Company (Warrington) Ltd, 
UK) was placed at the bottom of the sand column and in between layers. The ratio of 
sand versus glass gravels was (2:1).   
The clean filtration rate was 0.94-1.0 m3/m2.hr with gravity driven flow. The solution 
after coagulation was fed at a rate of between 80-100 ml in every 5 min to the top of 
the sand filter. The sand filter was cleaned after each oil-filtration test by the 
following procedure: a) 200 ml of distilled water was passed through the sand filter 
column; b) 100 ml of 0.1M NaOH was fed to the column; c) finally another200 ml of 
distilled water was allowed to pass through the sand filter.  
 
     2.5. Membrane cleaning 
In order to achieve higher porosities when the membrane will be used the first time by 
removal of free silica from the membrane structure, the membranes were washed with 
a alkaline solution (4 wt% NaOH) in a water bath at 50 °C for 5 h. Finally, the 
ceramic membranes were washed by an excess of distilled water to remove tany 
remaining NaOH solution. 
The membrane element required cleaning between subsequent runs by successively 
rinsing solutions through the membrane at maximum flow rate and minimal pressure, 
in the following steps: 1) clean water passed through the membrane rig for 10 
minutes; 2) Solution of 4% NaOH (Sodium hydroxide) at a temperature of 35 to 40 
°C, cleansing time approx. 30 minutes; 3) clean water passing through the membrane 
rig for 10 minutes; 4)  solution of 2% NaOH (Sodium hydroxide) at a temperature of 
35 to 40 °C, cleansing time approx. 30 minutes; 5) finally, clean water was permeated 
through the rig for 10 minutes.  
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3. Result and discussions 
     3.1 Droplet size distribution of the oil/water emulsion. 
 
The droplet size of the oil will be an effect on the pore size and pore size of the 
ceramic membrane. The droplet size distribution analysis for different oil 
concentrations by using a Zetasizer analyzer and Scanning electron microscopy 
(SEM) analysis was obtained is shown in Figures 3 and 4. The average droplet size 
distribution obtained using dynamic light scattering was 3.3 µ m when the oil 
concentration was 650 ppm (Figure 3a) and when the oil concentration was 800 ppm 
the average droplet size was 5.23 µm (Figure 3b). Moreover, when the oil 
concentration was 1000 ppm the average droplet size was 7.15 µ m as Figure 3(c). 
Therefore, the average droplet size distribution measured using dynamic light 
scattering was in the range from 3.3-7.15 µm depending on the concentration of oil in 
the emulsion. These results correspond to Ullah’s et al research the average droplet 
size of vegetable oil in the range from 1-15 µ m depending on the concentration of oil 
[21]. In contrast, the scanning electron microscopy (SEM) images of the emulsion 
show the oil droplet size is greater than the actual size because it can be deformed 
easily on a surface of silicon slide. Moreover, the scanning electron microscopy 
(SEM) images of the emulsion show the oil droplet shape. Therefore, the results of 
droplet size distribution by using a Zetasizer analyzer were a more accurate 
measurement than the scanning electron microscopy for oil droplet.  As the increasing 
oil concentration in the emulsion, the oil droplet size was bigger because the increased 
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concentration of the oil led to the coagulation of smaller oil droplets to form larger 
droplets [12]. 
 
 
     3.2 Permeability of clean water and after membrane cleaning     
 
Before starting experiments, the permeabilities of the clean water were measured in 
the lab equal to 0.24×10-3, 0.28×10-3 and 0.34×10-3 m3/m2.s.bar of membranes with 
pore sizes 0.1, 0.2 and 0.4 µm, respectively.  
Figure 5 shows a comparison between the permeability of the clean water before the 
start of the experiment and after the membrane cleaning process. The water 
permeability of the membrane with pore size 0.1 µm decreased from 0.24×10-3 to 
0.2091×10-3 m3/m2.s.bar, the permeability of the membrane with pore size 0.2 µm 
decreased from 0.28×10-3 to 0.251×10-3 m3/m2.s.bar and the permeability of the 
membrane with pore size 0.4 µm decreased from 0.34×10-3 to 0.317×10-3 m3/m2.s.bar. 
Overall, permeability was decreased by at least 10% after oil-emulsion filtration 
followed by cleaning.  
 
     3.3 Removal of oil by using direct ceramic micro-filtration. 
          3.3.1 Membrane pore size and concentration effect 
 
To examine the effect of membrane pore size on permeate flux and oil removal 
efficiencies at different concentrations of oil for oily wastewaters, solutions with oil 
concentrations of 650, 800 and 1000 ppm were processed in the laboratory. Figure 6 
shows the effects of membrane pore size on permeate flux. When the membrane had 
a pore size of 0.4 µm the steady-state permeate flux decreased with an increase of oil 
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content in the emulsion, where the steady-state permeate fluxes were 1.1925, 1.13 and 
1.051 ×10-4 m3/m2.s for oil concentrations in oil-water emulsion of 650, 800 and 1000 
ppm, respectively. This trend can be seen also, in the other membranes, containing 
average pore sizes of 0.1 µm and 0.2 µm. This reduction is due to the increasing oil 
concentration in the emulsion, the oil droplet size was bigger according to the 
previous section (3.1). Hence, the pores are blocked by the oil aggregates and a cake 
layer or fouling layer of oil is formed on the surface of the membrane and form this 
layer to be faster when increasing the oil concentration [22, 23]. 
The oil removal efficiencies dependence on feed oil concentration and pore size is 
illustrated in Figure 7. It can be seen that the oil removal efficiencies increased with 
the increasing concentration of oil in the emulsion for all the selected membranes. 
This is due to the larger droplet size expected with higher oil concentrations to be 
more readily rejected [12]. Moreover, the large oil droplets / high concentrations all 
membranes have the same performance, but for smaller droplets / low concentrations 
performance is much better for small pore sizes. Another observation is that the 
variation in oil removal efficiencies with oil concentration is more significant in the 
membrane with 0.4 μm pore size and the highest oil removal efficiencies were seen 
for the highest concentration of oil at 1000 ppm for all the membranes.As a result, 
each membrane may be recommended for the treatment of emulsion according to the 
concentration of oil in the emulsion. Therefore, the droplet size of the oil will be an 
effect on the pore size of the ceramic membrane.   
 
          3.3.2 Effects of pressure on performance of the ceramic membranes 
The influence of trans-membrane pressure (TMP) on treatment performance of the 
ceramic membranes were measured in terms of the steady-state permeate flux and oil 
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removal concentrations for different operating conditions. The effect of five trans-
membrane pressures (0.5, 1.0, 1.5, 2.0 and 2.5 bar) and three different oil 
concentrations (650, 800 and 1000 mg/L) on steady-state permeate flux (PF) and oil 
removal concentrations are shown in Figures 8 and 9.  
Figure 8 illustrates the effect of trans-membrane pressure on steady-state permeate 
flux for the three membranes. For all pore sizes and oil concentrations, the steady-
state permeate flux increased with increase in trans-membrane pressure for all the 
three membranes, as would be expected from Darcy's law [17, 24] . Moreover, the 
steady-state permeate flux was always found correlate to membrane pore size. This is 
due to the combined effects of the difference in pore size of the membranes and pore 
blocking by the oil droplets as well as concentration polarization on the membrane 
surface [25, 26]. 
The effect of the trans-membrane pressure (TMP) on the oil removal efficiencies for 
each of the MF membranes, is shown in Figure 9. For all the membranes, the oil 
removal efficiencies were recorded between 85 and 95 % at oil concentration range of 
650-1000 ppm. When the TMP was increased, oil removal efficiency slightly 
increased due to blockage of the pores in the ceramic membrane and formation of a 
thicker cake layer on the membrane surface. This layer will collect oil molecules 
preventing passage through the membrane [17, 27]. However, at higher TMP (> 2 
bar), oil removal efficiency was decreased. The oil removal efficiency reduction may 
be due to the fact that for TMP above 2.0 bar, oil droplets can pass through the 
membrane pores [28]. 
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          3.3.3 Effect of flow rate on performance of the ceramic membranes 
The influence of the flow rate (FR) on performance of the ceramic membranes, at 
trans- membrane pressure (TMP) 2.0 bar, oil concentration range of 650-1000 ppm 
and salt concentration 0 g/L was studied. The effects on the steady-state permeate flux 
(PF) are shown in Figure 10. It can be seen that increasing the feed flow rate leads to 
an increase in the steady-state permeate flux. For example, when the membrane has a 
pore size of 0.4 µm, the steady-state permeate flux of the emulsion containing 1000 
ppm of oil is increased from around 0.9631 ×10-4 m3/m2.s (30 l/min) to 1.13 ×10-4 
m3/m2.s (70 l/min).  
This trend also applies to all three membranes at all oil concentrations studied. This 
can be explained by the weakened the effect of concentration polarization at higher 
flow rates [17, 29]. In addition, when the flow rate increases, the oil molecules in the 
cake layer on the surface of the membrane diffuse pack to the bulk of emulsion more 
readily, meaning that the cake layer is thinner and the mass transfer increases [30, 31], 
resulting in the increase of steady-state flux.  
The effect of flow rate (FR) on the oil removal efficiencies by the MF membranes is 
shown in Figure 11. For all the membranes the oil removal efficiencies were recorded 
at between 84.3% and 95.5%. Figure 11 (a) shows that oil removal efficiency slightly 
decreased with increasing flow rate (FR) at the concentration of oil 650 ppm for the 
three membranes. Figure 11 (a) shows that oil removal efficiency slightly decreased 
with increasing flow rate (FR) at the concentration of oil 650 ppm for the three 
membranes The oil removal efficiency slightly decreased with increasing flow rate 
(FR) due to the decreased thickness of the cake layer on the membrane surface, which 
acts as a barrier to prevent the passage of oil droplets through the membrane [17, 31], 
and this weakens the effect of gel polarization and increases permeate flux. At lower 
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flow rates, the fouling layer is easily developed and oil aggregates can accumulate on 
this layer leading to the increased thickness of the cake layer on the membrane 
surface, restricting the passing of oil drops through the membrane resulting in higher 
oil removal efficiency [28, 32].  
This trend can be seen also, by the results presented at the concentration of oil 800 
ppm and 1000 ppm for three membranes. However, the increase of flow rates had 
both positive on the permeate flux and negative effects on the power consumption of 
the pump therefore, at higher flow rates will increase the power consumption of the 
pump, so the flow rate selection should be considered in terms of economic aspects as 
well as oil removal efficiency therefore, the optimum flow rate was obtained at 50 L / 
min. 
 
          3.3.4 Effect of salinity on performance of the ceramic membranes 
The influence of salinity on the performance of the ceramic membranes has been 
investigated between 10-50 g / L. This salinity range corresponds to salt content in 
brackish water and seawater, as well as the average salt content in a produce water. 
Brackish water refers to water with salinity of 500–17000 ppm ,and seawater has salt 
concentration of about 30,000–40,000 ppm [33]. When the 0.4 µm pore size 
membrane was used, the steady-state permeate fluxes at 1000 ppm of oil, (TMP) 2.0 
bar and (FR) 50 L/min decreased from 1.051 to 0.75×10-4 m3/m2.s (Figure 12). This 
trend can be seen for the other membranes examined.  
Both Almojjly et al. and Elzo et al. [17, 34] reported high permeate fluxes were 
observed at low salt concentration. This is due to the increased salinity causing 
scaling and concentration polarization effects at the membrane surface for emulsion 
leading, the salt crystals foul  on the membrane pores because of the salt 
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concentration polarization on the membrane surface [34, 35]. Moreover, increasing 
salinity will reduce repulsive electrical double layer forces between the oil droplets, 
resulting in an increasing of fouling on the surface of membrane and decrease of 
permeate flux. [36, 37]. 
The effect of salinity on the oil removal efficiency is shown in Figure 13. For 
instance, the oil removal efficiencies were between 93.2 and 94.8 % for 1000 ppm 
emulsion for the 0.4 μm pore size membrane. For all membranes studied there was an 
increase in the oil removal efficiency when salinity increases, due to increased 
membrane fouling layer which picked up the oil drops under high ionic strength [34]. 
 
     3.4 Optimization of Membrane 
The performance of the membranes with different pore size at different oil 
concentrations in the emulsion is shown in Figure 14, for a trans-membrane pressure 
of 2 bar and flow rate of 50 L/min. Moreover, the results presented in this Figure are 
shown, each membrane has shown different results depending on oil concentrations in 
the emulsion and pore size of the membrane [12, 26]. From this Figure, as a higher 
concentration of oil in the emulsion increased, it becomes more appropriate to use the 
membrane with large pore size because of the average droplet size of the oil increased 
and it was discussed that in the previous section (3.1).Therefore, each concentration 
of oil has a membrane that has a suitable pore size.  
When the concentration of oil in the emulsion was 650 ppm the oil removal 
efficiencies were 94%, 91.5% and 87% for membranes with pore sizes of 0.1, 0.2 and 
0.4 µm respectively. However, as the oil concentration increased, whilst the overall 
trend was preserved, the magnitude of difference in oil removal efficiency vales for 
each membrane became less pronounced. Moreover, it was also observed that the 
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decline in oil removal efficiency can be explained by the oil drops allow to pass 
through the sediment pores. According to the relationship between the average oil 
drops and pore size of the membranes, the membranes 0.1 µm, 0.2µm, and 0.4µm 
may be recommended for separation of oil at the 650 ppm, 800 ppm and 1000 ppm oil 
concentration, respectively, as this provides the best balance between oil removal 
efficiency and high water flux. 
 
     3.5 Hybrid Coagulation/sand filter–MF Process using aluminium sulfate as a 
coagulant  
The influence of aluminium sulfate doses on permeates flux and the oil removal 
efficiencies during the Hybrid Coagulation–MF process for separation of oil was 
investigated. As stated in the previous section (removal of oil by using direct ceramic 
micro-filtration), the optimum pressure and flow rate were obtained by 2 bar and 50 
L / min, respectively. Therefore, this previous pressure and flow rate was applied to 
Hybrid Coagulation/sand filter –MF process.  
In this process, the process of coagulation was done first and then the flocs were 
removed using the sand filter, therefore, these processes will be to lead the decrease of 
oil concentration in the feed. Moreover, according to our previous paper [16], the final 
oil concentrations, after settling, when using the aluminium sulfate coagulation at the 
initial oil concentrations of  650, 800 and 1000 mg/L were 71.78, 85.3 and 135.8 
mg/L,respectively. Therefore, according to the previous section (Optimization of 
Membrane) when the reducing of the oil concentration in the emulsion after the 
coagulation process the membrane pore size 0.1 µm may be recommended for 
separation of oil. The resulting solution was transferred to the sand filter for removing 
flocs, after that, the solution was transferred to the ceramic membrane. As represented 
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in Figures 15, when the oil concentration in the emulsion was 1000 ppm and the 
aluminium sulfate concentration was increased up to 80 mg/L, the steady-state fluxes 
was increased from 0.67×10-4  to 1.364×10-4 m3/m2.s. This is because the Al+3ions, 
formed from dissociation of aluminium sulfate in water being attracted to the negative 
charge of the oil droplets, increasing the diameter of oil droplets and forming large 
flocs due to the sweep flocculation process where charge neutralization, 
destabilization and coagulation occur  [16, 38]. As a result, the fouling of the 
membranes decreased and the cake layer wold have been very porous and soft. The 
mechanism of coagulation by using aluminium sulfate was fully discussed in our 
previous work  [16].  
However, when the concentration of aluminium sulfate increased to 100 mg/L, the 
steady-state flux slightly decreased to 1.275×10-4 m3/m2.s, because of the increased 
dose led to high pH and formation of (Al (OH)4)
-1. Thus, the zeta potential of 
emulsion will be increased, the negative (Al (OH)4)
-1 will not destabilise oil droplets, 
preventing coagulation leading to oil drop size increases [39, 40].  
Figure 15 shows the effect of aluminium sulfate doses on the oil removal efficiency 
during the hybrid coagulation–MF process when the oil concentration in the emulsion 
was 1000 ppm and the aluminium sulfate increased up to 80 mg/L. Consequently, the 
oil removal efficiency increased from 94%, when applying the direct ceramic 
membrane, to 99.13% when applying the hybrid coagulation/sand filter-MF process 
due to the creation of large flocs the neutralize of the negative charge of the oil 
droplets through the attraction of positive aluminium ions Al+3 to the negative charge 
of the oil droplets and then the large flocs are formed [17, 41], which are unable to 
pass through the sand filter. However, there was a slight decrease in the efficiency of 
oil removed when the aluminium sulfate dose was 100 mg/L to 98.7%. This was due 
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to the increased dose of aluminium sulfate leading to high pH and formation of (Al 
(OH)4)
-, preventing the formation of large flocs [42, 43].  
As a result, the optimum dose of aluminium sulfate for coagulation was found to be 
80 mg/L (ppm when the concentration of oil was 1000 ppm. Moreover, the optimum 
amount of the added dose of coagulants depends on the concentration of oil in the 
emulsion. For instance, when the concentration of oil was 800 ppm the optimum dose 
of aluminium sulfate for coagulation was 60 mg/L (ppm), because the steady-state 
flux was 1.562 ×10-4 m3/m2.s and the oil removal efficiency was 99%. This is evident 
from Figure 16. When the concentration of oil was 650 ppm the optimum dose of 
aluminium sulfate for coagulation was 40 mg/L (ppm), because the steady-state flux 
was 1.62 ×10-4 m3/m2.s and the oil removal efficiency was 99.2 %, as can be seen 
from Figure 17. 
 
     3.6 Optimisation between direct ceramic membrane MF and Hybrid 
Coagulation/Sand filter –MF Process  
The optimisation of the steady-state fluxes for the MF and hybrid coagulation/sand 
filter–MF process and the effect of aluminium sulfate as a coagulant on steady-state 
fluxes when using different concentrations of oil is shown in Figure 18. Moreover, 
according to the previous section (Optimization of Membrane) when the comparing 
between direct MF and Hybrid Coagulation/Sand filter –MF, the membranes 0.1 µm, 
0.2µm, and 0.4µm may be recommended for separation of oil at the 650 ppm, 800 
ppm and 1000 ppm oil concentration, respectively. The steady-state fluxes for hybrid 
coagulation/sand filter –MF was higher than when used sand filter/MF and direct 
ceramic membrane alone. For instance, when the oil concentration was 1000 ppm, the 
steady state permeate flux for hybrid coagulation/sand filter –MF, sand filter/MF and 
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direct ceramic membrane were 2.41 ×10-4, 1.89×10-4 and 1.0511×10-4 m3/m2.s, 
respectively. 
Therefore, the optimum permeate flux was for the hybrid coagulation/sand filter –MF 
process because that process lead to a greater reduction in membrane fouling [43-45] 
due to reduction ion oil concentration reaching the membrane surface. Due to the 
coagulation process and sand filter reduced the oil in the inlet emulsion to the ceramic 
membrane. The comparison of the oil removal efficiencies for the MF and hybrid 
coagulation/sand filter–MF process when aluminium sulfate doses were added to 
emulsion was investigated. As shown in Figure 19, the oil removal efficiency for 
hybrid coagulation/sand filter –MF was higher than for sand filter/MF, MF alone and 
sand filter alone. Thus, when MF is used for oil/water emulsion treatment, a cake 
layer might be formed on the membrane surface. This cake layer reduces the permeate 
flux due to blockage of the pores in the ceramic membrane [22, 46].  
Therefore, for oil/water emulsion treatment, it is more desirable to combine the use of 
hybrid coagulation/sand filter and membrane filtration processes because the 
coagulation gives oil particles the opportunity to join with other particles to form 
larger aggregates which are more easily captured by the sand filter, leading to a 
reduction in oil concentration at the membrane inlet. However, when some of these 
flocs pass through the sand filter, they are less likely block membrane pores due to 
coagulation will produce larger particles size [47] .  
 
4. Conclusion 
This work investigated the treatment of oil-water emulsions by use of different pore 
sizes of the ceramic membranes and it investigated the use of coagulation combined 
with sand filtration as pre-treatment steps for oil-water emulsion removal using a 
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ceramic membrane. These hybrid processes demonstrated increased efficiency, and 
reduced the economy cost, by using the coagulation process and then removing the 
flocs by using a sand filter prior to the membrane process. According to the obtained 
results, the conclusions from this work can be summarized as follows:  
 The fouling on the surface of the membrane was the major problem when 
ceramic microfiltration membrane are used without pre-treatment for high oil 
concentrations. Therefore, the hybrid coagulation/sand filter –MF process was 
applied due to this process lead to reducing of membrane fouling 
 The flux increases for ceramic membrane with increasing pressure and flow 
rate but it decreases with increasing salinity. Therefore, when choosing these 
parameters, they should be compared to the economic aspect. 
 The permeate flux and oil removal efficiency for hybrid coagulation/sand filter 
–MF were higher than when used sand filter/MF, MF alone and sand filter 
alone. 
 According to the relationship between the average oil drops and pore size of 
the membranes, the membranes 0.1 µm, 0.2µm, and 0.4µm may be 
recommended for separation of oil at the 650 ppm, 800 ppm and 1000 ppm oil 
concentration, respectively. 
 The best method to remove oil from oil-water emulsion is hybrid 
coagulation/sand filter –MF using various concentrations of oil. 
 
5. List of references: 
[1] A. Ezzati, E. Gorouhi, T. Mohammadi, Separation of water in oil emulsions using 
microfiltration, Desalination, 185 (2005) 371-382. 
[2] T.C. Arnot, R.W. Field, A.B. Koltuniewicz, Cross-flow and dead-end 
microfiltration of oily-water emulsions: Part II. Mechanisms and modelling of flux 
decline, Journal of Membrane Science, 169 (2000) 1-15. 
 21 
[3] A. Fakhru’l-Razi, A. Pendashteh, L.C. Abdullah, D.R.A. Biak, S.S. Madaeni, Z.Z. 
Abidin, Review of technologies for oil and gas produced water treatment, Journal of 
Hazardous Materials, 170 (2009) 530-551. 
[4] L. Falletti, L. Conte, A. Zaggia, T. Battistini, D. Garosi, Food Industry 
Wastewater Treatment Plant based on Flotation and MBBR, 2015. 
[5] A. Ashfaq, A. Saadia, S. Anees, A. Khursheed, ENVIRONMENTAL WASTE 
MANAGEMENT: A CASE STUDY OF REFINERY, I Control Pollution, 26 (1970). 
[6] D.Q. Bunker, J.K. Edzwald, J. Dahlquist, L. Gillberg, Pretreatment considerations 
for dissolved air flotation: water type, coagulants and flocculation, Water science and 
Technology, 31 (1995) 63-71. 
[7] M. Tawalbeh, A. Al Mojjly, A. Al-Othman, N. Hilal, Membrane separation as a 
pre-treatment process for oily saline water, Desalination, (2018). 
[8] L.J. Stack, P.A. Carney, H.B. Malone, T.K. Wessels, Factors influencing the 
ultrasonic separation of oil-in-water emulsions, Ultrasonics sonochemistry, 12 (2005) 
153-160. 
[9] K. Bensadok, M. Belkacem, G. Nezzal, Treatment of cutting oil/water emulsion 
by coupling coagulation and dissolved air flotation, Desalination, 206 (2007) 440-
448. 
[10] M. Abbasi, M. Mirfendereski, M. Nikbakht, M. Golshenas, T. Mohammadi, 
Performance study of mullite and mullite–alumina ceramic MF membranes for oily 
wastewaters treatment, Desalination, 259 (2010) 169-178. 
[11] P. Srijaroonrat, E. Julien, Y. Aurelle, Unstable secondary oil/water emulsion 
treatment using ultrafiltration: fouling control by backflushing, Journal of Membrane 
Science, 159 (1999) 11-20. 
[12] S. Kumar, B.K. Nandi, C. Guria, A. Mandal, Oil Removal from Produced Water 
by Ultrafiltration using Polysulfone Membrane, Brazilian Journal of Chemical 
Engineering, 34 (2017) 583-596. 
[13] M. Padaki, R. Surya Murali, M.S. Abdullah, N. Misdan, A. Moslehyani, M.A. 
Kassim, N. Hilal, A.F. Ismail, Membrane technology enhancement in oil–water 
separation. A review, Desalination, 357 (2015) 197-207. 
[14] M. Leila, P. Sigrid, M.H. Peter, Reversible and irreversible fouling of 
ultrafiltration ceramic membranes by model solutions, Journal (American Water 
Works Association), 104 (2012) E540-E554. 
[15] Y. Suzuki, T. Maruyama, Removal of emulsified oil from water by coagulation 
and foam separation, Separation science and technology, 40 (2005) 3407-3418. 
[16] A. Almojjly, D. Johnson, D.L. Oatley-Radcliffe, N. Hilal, Removal of oil from 
oil-water emulsion by hybrid coagulation/sand filter as pre-treatment, Journal of 
Water Process Engineering, 26 (2018) 17-27. 
[17] A. Almojjly, D.J. Johnson, S. Mandale, N. Hilal, Optimisation of the removal of 
oil in water emulsion by using ceramic microfiltration membrane and hybrid 
coagulation/sand filter-MF, Journal of Water Process Engineering, 27 (2019) 15-23. 
[18] H. Ohya, J.J. Kim, A. Chinen, M. Aihara, S.I. Semenova, Y. Negishi, O. Mori, 
M. Yasuda, Effects of pore size on separation mechanisms of microfiltration of oily 
water, using porous glass tubular membrane, 1998. 
[19] I.W. Cumming, R.G. Holdich, I.D. Smith, The rejection of oil by microfiltration 
of a stabilised kerosene/water emulsion, Journal of Membrane Science, 169 (2000) 
147-155. 
 22 
[20] T. Chiu, M.L. Dominguez, A. James, Critical flux and rejection behaviour of 
non-circular-channelled membranes: Influence of some operating conditions, 
Separation and purification technology, 50 (2006) 212-219. 
[21] A. Ullah, V.M. Starov, M. Naeem, R.G. Holdich, Microfiltration of deforming 
oil droplets on a slotted pore membrane and sustainable flux rates, Journal of 
Membrane Science, 382 (2011) 271-277. 
[22] M. Abbasi, A. Salahi, M. Mirfendereski, T. Mohammadi, A. Pak, Dimensional 
analysis of permeation flux for microfiltration of oily wastewaters using mullite 
ceramic membranes, Desalination, 252 (2010) 113-119. 
[23] S. Elmaleh, N. Ghaffor, Cross-flow ultrafiltration of hydrocarbon and biological 
solid mixed suspensions, Journal of Membrane Science, 118 (1996) 111-120. 
[24] M. Ebrahimi, D. Willershausen, K.S. Ashaghi, L. Engel, L. Placido, P. Mund, P. 
Bolduan, P. Czermak, Investigations on the use of different ceramic membranes for 
efficient oil-field produced water treatment, Desalination, 250 (2010) 991-996. 
[25] W.-L. Chou, D.-G. Yu, M.-C. Yang, C.-H. Jou, Effect of molecular weight and 
concentration of PEG additives on morphology and permeation performance of 
cellulose acetate hollow fibers, Separation and Purification Technology, 57 (2007) 
209-219. 
[26] B. Das, B. Chakrabarty, P. Barkakati, Separation of oil from oily wastewater 
using low cost ceramic membrane, Korean Journal of Chemical Engineering, 34 
(2017) 2559-2569. 
[27] W. Loh, T. Teik Wan, Experimental Study of the Separation of Oil in Water 
Emulsions by Tangential Flow Microfiltration Process. Part 1: Analysis of Oil 
Rejection Efficiency and Flux Decline, 2015. 
[28] S.R.H. Abadi, M.R. Sebzari, M. Hemati, F. Rekabdar, T. Mohammadi, Ceramic 
membrane performance in microfiltration of oily wastewater, Desalination, 265 
(2011) 222-228. 
[29] R.J. Baker, A.G. Fane, C.J.D. Fell, B.H. Yoo, Factors affecting flux in crossflow 
filtration, Desalination, 53 (1985) 81-93. 
[30] T. Mohammadi, A. Esmaeelifar, Wastewater treatment of a vegetable oil factory 
by a hybrid ultrafiltration-activated carbon process, Journal of Membrane Science, 
254 (2005) 129-137. 
[31] A. Salahi, T. Mohammadi, A. Rahmat Pour, F. Rekabdar, Oily wastewater 
treatment using ultrafiltration, Desalination and Water Treatment, 6 (2009) 289-298. 
[32] A.L. Ahmad, S. Ismail, S. Bhatia, Ultrafiltration behavior in the treatment of 
agro-industry effluent: Pilot scale studies, Chemical Engineering Science, 60 (2005) 
5385-5394. 
[33] L. Nthunya, S. Maifadi, B. Mamba, A. Verliefde, S. Mhlanga, Spectroscopic 
Determination of Water Salinity in Brackish Surface Water in Nandoni Dam, at 
Vhembe District, Limpopo Province, South Africa, Water, 10 (2018) 990. 
[34] D. Elzo, I. Huisman, E. Middelink, V. Gekas, Charge effects on inorganic 
membrane performance in a cross-flow microfiltration process, Colloids and Surfaces 
A: Physicochemical and Engineering Aspects, 138 (1998) 145-159. 
[35] Y. Zhao, W. Xing, N. Xu, F.-S. Wong, Effects of inorganic salt on ceramic 
membrane microfiltration of titanium dioxide suspension, Journal of Membrane 
Science, 254 (2005) 81-88. 
[36] F.L. Hua, Y.F. Tsang, Y.J. Wang, S.Y. Chan, H. Chua, S.N. Sin, Performance 
study of ceramic microfiltration membrane for oily wastewater treatment, Chemical 
Engineering Journal, 128 (2007) 169-175. 
 23 
[37] Y. Zhao, W. Xing, N. Xu, F.-S. Wong, Effects of inorganic electrolytes on zeta 
potentials of ceramic microfiltration membranes, Separation and Purification 
Technology, 42 (2005) 117-121. 
[38] K.G. Marinova, R.G. Alargova, N.D. Denkov, O.D. Velev, D.N. Petsev, I.B. 
Ivanov, R.P. Borwankar, Charging of Oil−Water Interfaces Due to Spontaneous 
Adsorption of Hydroxyl Ions, Langmuir, 12 (1996) 2045-2051. 
[39] J. Duan, J. Gregory, Coagulation by hydrolysing metal salts, Advances in colloid 
and interface science, 100 (2003) 475-502. 
[40] M. Abbasi, M.R. Sebzari, T. Mohammadi, Effect of Metallic Coagulant Agents 
on Oily Wastewater Treatment Performance using Mullite Ceramic MF Membranes, 
Separation Science and Technology, 47 (2012) 2290-2298. 
[41] Water quality and treatment : a handbook of community water supplies, in: R.D. 
Letterman (Ed.), McGraw-Hill, New York :, 1999. 
[42] M. Unlu, H. Yukseler, U. Yetis, Indigo dyeing wastewater reclamation by 
membrane-based filtration and coagulation processes, Desalination, 240 (2009) 178-
185. 
[43] Y. Rasouli, M. Abbasi, S.A. Hashemifard, Investigation of in-line coagulation-
MF hybrid process for oily wastewater treatment by using novel ceramic membranes, 
Journal of Cleaner Production, 161 (2017) 545-559. 
[44] E. Demirbas, M. Kobya, Operating cost and treatment of metalworking fluid 
wastewater by chemical coagulation and electrocoagulation processes, Process Safety 
and Environmental Protection, 105 (2017) 79-90. 
[45] A.Y. Zahrim, N. Hilal, Treatment of highly concentrated dye solution by 
coagulation/flocculation–sand filtration and nanofiltration, Water Resources and 
Industry, 3 (2013) 23-34. 
[46] F. Hua, Y. Tsang, Y. Wang, S. Chan, H. Chua, S. Sin, Performance study of 
ceramic microfiltration membrane for oily wastewater treatment, Chemical 
Engineering Journal, 128 (2007) 169-175. 
[47] W.-z. Yu, N. Graham, H.-j. Liu, H. Li, J.-h. Qu, Membrane fouling by Fe-Humic 
cake layers in nano-scale: Effect of in-situ formed Fe(III) coagulant, Journal of 
Membrane Science, 431 (2013) 47-54. 
 
 
 Figure Captions: 
 
Figure 1: Schematic diagram of microfiltration Pilot Rig. 
Figure 2: Schematic of sand filter [16].  
Figure 3: Droplet size distributions of emulsion with different oil concentration. 
Figure 4: Scanning electron microscopy (SEM) images of the emulsion with different 
oil concentration. 
Figure 5: Comparison between the permeability of clean water before starting the 
experiment and after membrane cleaning 
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Figure 6: Effects of pore size and oil concentration on permeate steady-state flux with 
variation membranes at (TMP 2bar, flow rate 50 L/min and salt concentration 0 
g/L) 
Figure 7: Effects of pore size and oil concentration on oil removal efficiencies with 
variation membranes at (TMP 2bar, flow rate 50 L/min and salt concentration 0 
g/L). 
Figure 8: Effects of applied pressure on permeate steady-state flux with variation 
membranes at (FR 50 L/min, and salt concentration 0 g/L), (a) Oil concentration 
650 ppm, (b) Oil concentration 800 ppm and (c) Oil concentration 1000 ppm 
Figure 9: Effects of applied pressure on oil removal efficiencies with variation 
membranes at (FR 50 L/min, and salt concentration 0 g/L), (a) Oil concentration 
650 ppm, (b) Oil concentration 800 ppm and (c) Oil concentration 1000 ppm. 
Figure 10: Effects of flow rate on permeate steady-state flux with variation 
membranes at (TMP 2bar, and salt concentration 0 g/L), (a) Oil concentration 650 
ppm, (b) Oil concentration 800 ppm and (c) Oil concentration 1000 ppm 
Figure 11: Effects of flow rate on oil removal efficiencies with variation membranes 
at (TMP 2 bar, and salt concentration 0 g/L), (a) Oil concentration 650 ppm, (b) 
Oil concentration 800 ppm and (c) Oil concentration 1000 ppm 
Figure 12: Effects of salinity on permeate steady-state flux with variation membranes 
at (TMP 2bar, flow rate 50 L/min and Oil concentration 1000 ppm) 
Figure 13: Effects of salinity on oil removal efficiencies with variation membranes at 
(TMP 2bar, flow rate 50 L/min and Oil concentration 1000 ppm) 
Figure 14: Optimization of Membrane at different oil concentration (TMP 2bar, flow 
rate 50 L/min and salt concentration 0 g/L) 
Figure 15: Effects of aluminium sulfate on performance of the ceramic membranes 
with 0.1µm pore size at (TMP 2bar, flow rate 50 L/min and Oil concentration 
1000 ppm) 
Figure 16: Effects of aluminium sulfate on performance of the ceramic membranes 
with 0.1µm pore size at (TMP 2bar, flow rate 50 L/min and Oil concentration 800 
ppm) 
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Figure 17: Effects of aluminium sulfate on performance of the ceramic membranes 
with 0.1µm pore size at (TMP 2bar, flow rate 50 L/min and Oil concentration 650 
ppm) 
Figure 18: The comparison of the steady-state fluxes for the MF, sand filter/MF, and 
hybrid coagulation/sand filter–MF process 
Figure 19: The comparison of the oil removal efficiencies for the MF, sand filter/MF, 
and hybrid coagulation/sand filter–MF process 
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